Objectives: Examine long-term incidence trends of all HPV-related cancer in Norway, and estimate the number of cancer cases preventable by vaccines against HPV16/18 or HPV16/18/31/33/45/52/58. Design: Observational registry-based study. We extracted all incident cases of HPV-related cancer during 1953-2015 from the Cancer Registry of Norway. Meta-analyses on tumor HPV prevalence were used to estimate the protective potential of HPV vaccines. Participants and setting: The Norwegian population Primary outcome measures: Incidence and incidence trend analyses during 1953-2015 for squamous cell cancer (SCC) of the cervix, vulva, vagina, oropharynx, anus and penis, and adenocarcinoma of the cervix. Additionally, the number of cancer cases preventable by HPV vaccination. Results: Among women, incidences of SCC of the anus, oropharynx, vulva, and cervical adenocarcinoma increased, while vaginal SCC showed no trend. For these cancers combined, the average annual percentage change (AAPC) during 1953-2015 was 1.2 (95% confidence interval: 0.7; 1.6). The incidence of cervical SCC generally decreased during 1976-2004 and remained stable thereafter. Among men, incidences of SCC of the anus, oropharynx and penis increased. The AAPC during 1953-2015 combined for all male HPV-related cancer was 1.9 (1.3; 2.5). A vaccine against HPV16/18 can yearly prevent 385 cancers. A vaccine against HPV16/18/31/33/45/52/58 can yearly prevent 451 cancers, of which 172 occur in non-cervical organs, and 90 occur among men.
INTRODUCTION
Human papillomavirus (HPV) is a necessary cause of cervical cancer [1] and is etiologically linked to cancer of the vulva, vagina, anus, penis and oropharynx [2] . HPV-related cancers at these sites represent a substantial burden worldwide, and account for approximately 2.2% and 7.7% of all cancers in developed and developing countries, respectively [3] .
There are more than 100 types of HPV [4] , of which 13 high-risk types are classified as carcinogenic to humans [2] . HPV is very common in the population [5] , thus most people are likely to be exposed to HPV at some point during their lifetime. Genital HPV is largely sexually transmitted, and persistent infection with oncogenic HPV may lead to cancer [6] . The proportion of cancers linked to HPV differs between the anatomical sites that are susceptible to oncogenic HPV, which could reflect differences in tissue types, HPV exposure and susceptibility to other risk factors. Nearly all cervical cancers are caused by HPV [1] . A very high proportion of anal and vaginal cancers are also associated with HPV, since HPV is detected in approximately 90% and 80% of cancers at these sites, respectively [7 8 ]. In penile and vulvar cancer, the proportion positive to HPV is lower, at approximately 50% and 30%, respectively [9 10 ]. The HPV prevalence in oropharyngeal cancers is characterised by high geographic variation, from 15% in Central/South America to 60% in North America [11] . Carcinogenic HPV16 is by far the HPV-type most commonly detected in cancers at all sites, while the relative contribution of other high-risk HPV-types differ somewhat between sites [12 13 ], indicating that the oncogenic potential and tissue tropism is not equal for all high-risk HPVs.
Three prophylactic vaccines against HPV are available, two of which protect against high-risk types 16 and 18, and one that additionally protects against high-risk types 31, 33, 45, 52 and 58. The vaccines can prevent cancer caused by these high-risk HPV-types through protection against incident infection. Two of the vaccines additionally protect against low-risk types 6 and 11, which cause genital warts. Clinical trials have shown a very high efficacy of these three vaccines against infection and precancer caused by the vaccine-type HPVs [14] [15] [16] , and evidence of high vaccine effectiveness from real world settings is currently mounting [17] . Since none of the HPV vaccines are therapeutic, vaccination is most effective if given before exposure to vaccine-type HPVs, i.e. before sexual debut.
Cervical cancer accounts for most of the HPV-related cancer cases worldwide [3] . The incidence of squamous cell cervical cancer has declined substantially in countries with extensive cervical screening [18] [19] [20] , but the incidence of cervical adenocarcinoma, against which screening has less effect, is increasing in many countries [21] . Consistent temporal increases in incidence are also observed for anal and oropharyngeal cancer [22] , and some recent studies suggest that the incidence of penile [23] and vulvar [24] cancer may also be increasing.
Widespread use of cervical screening cytology started in Norway during the 1970s, and an organized cervical screening program has been effective since The objectives of this study are to assess the incidence trends for all HPV-related cancers in Norway, and the preventive potential of the currently available HPV vaccines in this population.
METHODS
Cancer data was extracted from the Cancer Registry of Norway (CRN). Since 1953, the CRN has registered virtually all cancer cases in the entire Norwegian population. Notification of cancer diagnoses is compulsory by law, and the CRN receives data from clinicians, pathology laboratories and the Cause of Death Registry, which ensures high data completeness and quality [25] . For the period 1953-2015, we extracted data on all incident primary cases of malignant cancer (except basal cell carcinomas) that occurred at the following anatomical sites (ICD-10 topography code): base of tongue (C01), tonsils (C09), oropharynx (C10), anus (C21), vulva (C51), vagina (C52), cervix (C53) or penis (C60), which gave a total of 33,997 cases. For each case, the registry data extracted was: tumor topography and morphology, date of diagnosis, patient sex and age at diagnosis. We excluded all cases that were not squamous cell carcinomas (SCC), except in the cervix, where we excluded all cases that were not SCC or adenocarcinomas. A total of 3087 cases were thus excluded. We also excluded 428 cases with unknown morphology. Hence, a total of 30,482 cases were included in the analyses. Base of tongue, tonsils and oropharynx were grouped together in the analyses, and are henceforth referred to as "oropharynx". Age-specific population size by sex and calendar year was obtained from the National Registry.
We present incidence rates per 100,000 person-years, age-standardized by the World Standard Population [26] . Temporal incidence trends on age-standardized data for each organ/tissue type and for each sex were assessed by joinpoint regression. The analysis identifies periods with distinct linear slopes that can be separated by joinpoints, and determines how many (if any) joinpoints should be used to best describe trends in the data [27] . The minimum and maximum number of joinpoints allowed in the time series were zero and four, respectively, and there had to be at least four data points between any joinpoints, and at least three data points from a joinpoint to either end of the data series. The annual percentage change (APC) with 95% confdence interval (CI) was estimated for each trend identified by fitting a regression to the logarithm of the rates by calendar year. We also estimated the average annual percentage change (AAPC) over the whole 63-year period 1953-2015. For overall analyses with identified joinpoints, the AAPC is the average of the individual APCs weighted by the length [28] . For analyses with no identified joinpoints during 1953-2015, the AAPC and the APC is the same. We use yearly rates in the trend analyses, with the exception of anal SCC, which is analyzed by three-year moving average rates because some years had no registered anal SCC cases. Significance tests of joinpoint regressions were performed by Monte Carlo permutation with 4499 replicates. Two-sided P-values were considered significant when they were <0.05.
The CRN does not have data on the HPV status of each tumor. To estimate the number of cases attributable to HPV, and to vaccine-type HPV, we multiply the site-specific annual average number of cases for the last 5-year period with corresponding HPV prevalence estimates taken from large meta-analytical studies.
RESULTS

Incidence trends
The analysis of the cervical SCC incidence trend revealed five distinct periods during 1953-2015, with joinpoints in 1976, 1986, 1991 and 2004 (Table 1 , Figure 1a ). An initial increase until the mid 1970s was followed by a general decrease until 2004, and stable rates thereafter. The AAPC (95% CI) for the whole period 1953-2015 showed a decrease in incidence of cervical SCC, at -0.7 (-1.4; -0.1). Cervical adenocarcinoma and vulvar SCC, in contrast, had no joinpoints defined in the analyses, and showed consistently increasing incidences over the whole period 1953-2015, with AAPCs of 1.4 (1.1; 1.7) and 0.5 (0.3; 0.8), respectively (Table 1 , Figure 1b and c). Vaginal SCC was the rarest HPV-related cancer, and no significant trend was observed, neither for the three periods defined by the analyses, nor for the AAPC during 1953-2015 (-0.1, (-2.3; 2.1); Table 1 , Figure 1d ). Anal SCC among women showed the strongest increase of all the HPV-related cancers, with an AAPC of 4.2 (2.7; 5.8) for the whole 63-year period. Changes in the trend occurred in 1968 and 1978, and the incidence increase was particularly pronounced during the period between these two joinpoints (Table 1, Figure 1e ). Oropharyngeal SCC among women showed a decreasing incidence until 1974, followed by an increase during the subsequent 41 years. For the whole period 1953-2015, a significantly increasing incidence of oropharyngeal SCC among women was observed (AAPC: 1.3 (0.1, 2.5), Table 1 , Figure 1f ).
Penile SCC showed a consistently increasing incidence during 1953-2015 (AAPC (95% CI): 0.6 (0.3; 0.9), Table 1 , Figure 2a ). Anal SCC among males also showed a significantly increasing incidence during 1953-2015 (AAPC: 3.1 (0.2; 6.2)). Changes in the incidence trend occurred in 1970, 1975 and 2011 , and during the final period (2011-2015) the incidence of anal SCC among men declined nonsignificantly (Table 1 , Figure 2b ). Oropharyngeal SCC among men showed a similar pattern to that among women, with an overall significantly increasing incidence for the whole period 1953-2015 (AAPC: 2.5 (1.8; 3.3)), and a joinpoint defined in 1976, when the increase in incidence began (Table 1 , Figure 2c ). The combined trend for all HPV-related cancer that is largely unaffected by screening was increasing during the 63-year period analysed, both for women (AAPC (95% CI) for SCC of the vulva, vagina, anus, oropharynx and cervical adenocarcinoma combined: 1.2 (0.7; 1.6), Table 1 , Figure 3a) , and for men (AAPC for SCC of the anus, oropharynx and penis combined: 1.9 (1.3; 2.5), Table 1 , Figure 3b ). In both cases, the trend did not change significantly during the first decades (1953-1968 for women, 1953-1972 for men), but an extensive period of consistently increasing incidence followed thereafter (1968-2015 for women, 1972-2015 for men).
The total number of incident cases of all HPV-related cancer against which screening is not efficient (cervical adenocarcinoma, and SCC of the vulva, vagina, penis, oropharynx (both sexes) and anus (both sexes)) increased consistently and more than four-fold during the period analysed, reaching approximately 450 cases diagnosed in 2015. In contrast, the number of incident cases of cervical SCC was at a similar level in 1953 and in 2015, at approximately 250 cases per year ( Figure 4 ). During the first decades analysed, incident cervical SCC vastly outnumbered the other HPV-related cancers combined, but this relationship is now reversed. The shift occurred around the turn of the century ( Figure 4 ).
Current HPV vaccine potential
Currently, a total of 644 cases of SCC of the anus, oropharynx, cervix, vulva, vagina, penis, and cervical adenocarcinoma occur yearly in Norway. This amounts to 2.0% of all cancers occurring each year in Norway (1.0% and 3.1% of cancers occurring among men and women, respectively [29] ). A total of 497 of these cases can be attributed to any HPV (Table 2) .
A vaccine that protects against HPV16/18 has the potential to prevent 385 cancer cases per year in Norway, of which 220 occur in the cervix and the remaining 165 cases occur in non-cervical organs (Table 2) . A total of 170 cases of cervical SCC and 215 cases of cancer that are largely unaffected by screening can be prevented each year by a vaccine against HPV16/18. Moreover, 89 yearly cases of HPV-related cancer among males can be prevented by a HPV16/18 vaccine ( Table 2) .
A vaccine that protects against HPV16/18/31/33/45/52/58 can prevent a total of 451 cancer cases per year in Norway (Table 2) . Cervical cancer accounts for 279 of these cases, and the remaining 172 cases occur in non-cervical organs. The most protective vaccine can prevent 221 yearly cases of cervical SCC, and a total of 230 cases of HPV-related cancers that are largely unaffected by screening. Each year, 90 cases of cancer among men can be prevented by a vaccine against HPV16/18/31/33/45/52/58 (Table 2) .
A total of 66 additional cases of cancer can be prevented by using a vaccine against HPV16/18/31/33/45/52/58 compared to a vaccine against HPV16/18. The vast majority of the additional cases prevented occur in the cervix (N = 59). Among the seven additional cases of non-cervical cancer that can be prevented by using the most protective HPV vaccine, only one case occurs among men (Table 2) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The risk factor common to these cancers is oncogenic HPV. The generally increasing trend observed in the present study could be caused by increased transmission of HPV at the population level due to changes in sexual behavior. Population-based studies show that the age at first intercourse has dropped substantially in Norway during the past century. Compared to the cohort born 1927-1934, the median age at first intercourse was more than two years lower among women born during the 1960s and 1970s, while a corresponding oneyear drop was observed among men [33] . Similar population-based findings of changes in sexual behavior have also been reported from other countries [34] [35] [36] .
We have recently shown that the age at first intercourse is still decreasing among Norwegian women, and that sexual debut at age 14 or younger is becoming more common. Moreover, the number of sexual partners reported per woman in Norway increases with calendar time [37] . Early sexual debut and more sexual partners are likely to increase transmission of HPV in the population, and are well-established behavioral risk factors for HPV-related cancer [38] [39] [40] . For several of the HPV-related cancers, and for the non-screened cancers combined, a joinpoint was detected during the late 60s/early 70s, followed by a long-term [19] . The stable incidence thereafter suggests exhaustion of the potential for further incidence reduction caused by this intervention in its current form. Of note, the national incidence trend for cervical SCC during 2004-2015 was in fact increasing slightly, and this positive trend just fell short of statistical significance. The stable incidence of vaginal SCC throughout the period analysed could be related to the rarity of this disease, which makes potential trends harder to detect due to the impact of random fluctuations. A potential incidence increase in vaginal SCC, vulvar SCC and cervical adenocarcinoma may also have been curbed to some extent by cervical screening, since all these cancers are preceded by treatable pre-invasive lesions that may be detected during gynecological examination. Moreover, the incidence of oropharyngeal cancer is likely to be higher if estimated among those who have tonsils, since tonsillectomy has been commonly performed for other indications, such as chronic infection, para-tonsillar abscess or sleep apnea.
The remarkable increase in the incidence of HPV-related cancers against which current screening is not efficient, and the apparent exhaustion of the cancerreducing potential of current cervical screening, highlight the importance that HPV vaccination may have for improving public health in the future. If the incidences of HPV-related cancers continue to increase, the future cancer prevention by HPV vaccination will be higher than estimated in this study. In spite of efficient screening against cervical SCC, this cancer still has the highest disease burden of the HPV-related cancer-types in Norway, and the highest potential for reduction by HPV vaccination. Moreover, the total number of cervical cancer cases (SCC and adenocarcinoma) accounts for the majority of HPV-related cancer cases in Norway. Nevertheless, the combined number of HPV-related cancer cases occurring at non-cervical sites is also substantial, and HPV vaccination has the potential to prevent a large number of cancer cases in these organs, both among women and among men. Using a vaccine that protects against HPV16/18/31/33/45/52/58 will prevent additional cancer cases compared to a vaccine that protects against HPV16/18. The added value is most substantial for cervical cancer because HPV-related cancers in the non-cervical organs are more consistently associated with HPV16/18 only.
Since approximately 50% of cervical precancer is associated with vaccine-type HPV, vaccination will also reduce the disease burden of precancer and the costs associated with cervical screening [41] . Currently, close to 4000 women are treated for cervical precancer each year in Norway, and about 430,000 screening smears are analysed, at a total cost of 80 million dollars. Moreover, HPV vaccines that protect against low-risk types 6 and 11 can prevent genital warts, which affect about 10% of the population [42] , as well as the rare, but serious condition of respiratory papillomatosis. The major strength of the present study is the accuracy and the scale of the cancer data presented [25] . Reporting of cancer is mandatory by law in Norway, and cancer registration is thus considered virtually complete [43] . The underlying population data is also accurate and complete, which ensures that the incidence estimates are valid for the whole Norwegian population. Moreover, increased precision in addressing HPV-related cancers was achieved by excluding cancer cases with histological types that are not related to HPV.
Another strength is the extensive study period for the assessment of temporal trends. However, this study also has several limitations. First, this is an observational study, and the registry data does not reveal what has caused the temporal changes in incidence documented here. Second, none of the HPV vaccines have yet proved effective against cancer. Because HPV-related cancer normally takes a decade or more to develop, the evidence for vaccine effectiveness is still limited to pre-invasive lesions and genital warts. Moreover, such evidence is strong for cervical pre-invasive lesions, but as yet less data has accrued for the non-cervical organs, and the currently available HPV vaccines are not yet approved for the prevention of all types of HPV-related cancer. However, knowledge about the natural history of HPV-related cancer progression makes subsequent vaccine-induced reductions on cancer likely, for all HPV-related cancer sites. Third, there is some uncertainty regarding the type-specific HPVattributable fraction, especially for oropharyngeal cancer [11] , which may reduce the precision of the estimates of the cancer cases preventable by HPV vaccination. Oropharyngeal cancer shows large geographical variation in HPVattribution, possibly due to cultural differences associated with consumption of tobacco and alcohol, which are important risk factors for oropharyngeal cancer [39] .
In conclusion, the incidence of cervical SCC is limited by organized screening in Norway and has not changed significantly since 2004. In contrast, the other HPVrelated cancers generally increase in incidence, and this change has been gradual and long-lasting. The increasing incidence trends, and the combined burden of the HPV-related cancers in Norway highlight the importance of HPV vaccination to prevent future cancer cases. HPV vaccination can prevent a substantial number of cancers, also at non-cervical sites and among men. The vast majority of the additional cancer cases that can be prevented by using a vaccine against HPV16/18/31/33/45/52/58, compared to a vaccine against HPV16/18, occur in the cervix. Blue points denote observed age-standardized (world) incidence per 100,000 women-years. Lines denote the best-fitting trend line, and red points the joinpoints, from joinpoint regression analyses. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1955  1957  1959  1961  1963  1965  1967  1969  1971  1973  1975  1977  1979  1981  1983  1985  1987  1989  1991  1993  1995  1997  1999  2001  2003  2005  2007  2009  2011  2013  2015 Rate per 100,000 (World) Year b) o n l y Table 1 Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their precision (eg, 95% confidence interval). Make clear which confounders were adjusted for and why they were included 5-6, Table 1 (b) Report category boundaries when continuous variables were categorized There are more than 100 types of HPV [4] , of which 13 high-risk types are classified as carcinogenic to humans [2] . HPV is very common in the population [5] , thus most people are likely to be exposed to HPV at some point during their lifetime. Genital HPV is largely sexually transmitted, and persistent infection with oncogenic HPV may lead to cancer [6] . The proportion of cancers linked to HPV differs between the anatomical sites that are susceptible to oncogenic HPV, which could reflect differences in tissue types, HPV exposure and susceptibility to other risk factors. HPV is considered a necessary cause of cervical cancer [1] . A very high proportion of anal and vaginal cancers are also associated with HPV, since HPV is detected in approximately 90% and 80% of cancers at these sites, respectively [7 8 ]. In penile and vulvar cancer, the proportion positive to HPV is lower, at approximately 30% [9 10 ]. There is also evidence of an association between high-risk HPV and cancer in organs of the upper aerodigestive tract, particularly in the oropharynx and tonsil [2] . The HPV prevalence in oropharyngeal cancers is characterised by high geographic variation, from 15% in Central/South America to nearly 80% in Norway [11 12 ]. Carcinogenic HPV16 is by far the HPV-type most commonly detected in cancers at all sites, while the relative contribution of other high-risk HPV-types differ somewhat between sites [13 14] , indicating that the oncogenic potential and tissue tropism is not equal for all high-risk HPVs.
HPV vaccination
Three prophylactic vaccines against HPV are available, two of which protect against highrisk types 16 and 18, and one that additionally protects against high-risk types 31, 33, 45, 52 and 58. The vaccines can prevent cancer caused by these high-risk HPV-types through protection against incident infection. Two of the vaccines additionally protect against lowrisk types 6 and 11, which cause genital warts. Clinical trials have shown a very high efficacy of these three vaccines against infection and precancer caused by the vaccine-type HPVs [15] [16] [17] , and evidence of high vaccine effectiveness from real world settings is currently mounting [18] . Since none of the HPV vaccines are therapeutic, vaccination is most effective if given before exposure to vaccine-type HPVs, i.e. before sexual debut.
Trends in HPV-related cancers
Cervical cancer accounts for most of the HPV-related cancer cases worldwide [3] . The incidence of squamous cell cervical cancer has declined substantially in countries with extensive cervical screening [19] [20] [21] , but the incidence of cervical adenocarcinoma, against which screening has less effect, is increasing in many countries [22] . Consistent temporal increases in incidence are also observed for anal and oropharyngeal cancer [23] , and some recent studies suggest that the incidence of penile [24] and vulvar [25] cancer may also be increasing. 
Screening and vaccination in Norway
Study objectives
The objectives of this study are to assess the incidence trends of HPV-related cancers in Norway, and the preventive potential of the currently available HPV vaccines in this population.
METHODS
Registry data
Cancer data was extracted from the Cancer Registry of Norway (CRN). Since 1953, the CRN has registered virtually all cancer cases in the entire Norwegian population. Notification of cancer diagnoses is compulsory by law, and the CRN receives data from clinicians, pathology laboratories and the Cause of Death Registry, which ensures high data completeness and quality [26] . In the present study, we focus on cancers occurring at anatomical sites for which there is strong evidence of an association between cancer and high-risk HPV [2] . Thus, for the period 1953-2015, we extracted data on all incident primary cases of malignant cancer (except basal cell carcinomas) that occurred at the following anatomical sites (ICD-10 topography code): base of tongue (C01), tonsils (C09), oropharynx (C10), anus (C21), vulva (C51), vagina (C52), cervix (C53) or penis (C60), which gave a total of 33,997 cases. For each case, the registry data extracted was: tumor topography and morphology, date of diagnosis, patient sex and age at diagnosis. We excluded all cases that were not squamous cell carcinomas (SCC), except in the cervix, where we excluded all cases that were not SCC or adenocarcinomas. A total of 3087 cases were thus excluded. We also excluded 428 cases with unknown morphology. Hence, a total of 30,482 cases were included in the analyses. Base of tongue, tonsils and oropharynx were grouped together in the analyses, and are henceforth referred to as "oropharynx". Age-specific population size by sex and calendar year was obtained from the National Registry. Data access was granted to address specific research aims, and the project data can be accessed upon application to the CRN.
Incidence trends
We present incidence rates per 100,000 person-years, age-standardized by the World Standard Population [27] . Temporal incidence trends on age-standardized data for each organ/tissue type and for each sex were assessed by joinpoint regression. The analysis identifies periods with distinct linear slopes that can be connected by joinpoints denoting trend changes, and determines how many (if any) joinpoints should be used to best describe trends in the data [28] . The minimum and maximum number of joinpoints allowed in the time series were zero and four, respectively, and there had to be at least four data points between any joinpoints, and at least three data points from a joinpoint to either end of the data series. The annual percentage change (APC) with 95% confidence [29] . For analyses with no identified joinpoints during 1953-2015, the AAPC and the APC is the same. We use yearly rates in the trend analyses, with the exception of anal SCC, which is analyzed by three-year moving average rates because some years had no registered anal SCC cases. Significance tests of joinpoint regressions were performed by Monte Carlo permutation with 4499 replicates. Two-sided P-values were considered significant when they were <0.05.
HPV attribution
The CRN does not have data on the HPV status of each tumor. To estimate the number of cases attributable to HPV, and to vaccine-type HPV, we multiply the site-specific annual average number of cases for the last 5-year period with corresponding estimates of tumor HPV prevalence from the scientific literature. Because HPV is generally accepted as a necessary cause of cervical cancer [1] , all cervical cancers were attributed to HPV. For SCC of the vulva [14] , vagina [8] , anus [7] and penis [9] , and for cervical cancer [30] , we derived HPV attributable fractions from the largest meta-analyses that provided worldwide estimates of the type-and histology-specific HPV DNA prevalence of HPV 16/18/31/33/45/52/58, and that adjusted for multiple infections of the same sample. Since HPV DNA prevalence for cancer at the oropharynx shows substantial geographical and temporal variation, we used prevalence data from a recent Norwegian study on SCC at this anatomical site [12] . For the type-specific HPV-attribution estimates, multiple infections of the same sample were added to single infections using weighting proportional to the prevalence for each individual type in single infections [30] . Exact binomial confidence intervals were obtained for the HPV attributable fractions and for the expected number of cases averted by HPV vaccination.
RESULTS
Incidence trends
The analysis of the cervical SCC incidence trend revealed five distinct periods during Figure 1a ). An initial increase until the mid 1970s was followed by a general decrease until 2004, and stable rates thereafter. The AAPC (95% CI) for the whole period 1953-2015 showed a decrease in incidence of cervical SCC, at -0.7 (-1.4; -0.1). Cervical adenocarcinoma and vulvar SCC, in contrast, had no joinpoints defined in the analyses, and showed consistently increasing incidences over the whole period 1953-2015, with AAPCs of 1.4 (1.1; 1.7) and 0.5 (0.3; 0.8), respectively (Table 1, Figure 1b and c). Vaginal SCC was the rarest HPV-related cancer, and no significant trend was observed, neither for the three periods defined by the analyses, nor for the AAPC during 1953-2015 (-0.1, (-2.3; 2.1); Table 1 , Figure 1d ). Anal SCC among women showed the strongest increase of all the HPV-related cancers addressed, with an AAPC of 4.2 (2.7; 5.8) for the whole 63-year period. Changes in the trend occurred in 1968 and 1978, and the incidence increase was particularly pronounced during the period between these two joinpoints (Table 1, Figure 1e ). Oropharyngeal SCC 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r p e e r r e v i e w o n l y 6 among women showed a decreasing incidence until 1974, followed by an increase during the subsequent 41 years. For the whole period 1953-2015, a significantly increasing incidence of oropharyngeal SCC among women was observed (AAPC: 1.3 (0.1, 2.5), Table  1 , Figure 1f ).
Penile SCC showed a consistently increasing incidence during 1953-2015 (AAPC (95% CI): 0.6 (0.3; 0.9), Table 1 , Figure 2a) . Anal SCC among males also showed a significantly increasing incidence during 1953-2015 (AAPC: 3.1 (0.2; 6.2)). Changes in the incidence trend occurred in 1970, 1975 and 2011, and during the final period (2011-2015) the incidence of anal SCC among men declined non-significantly (Table 1 , Figure 2b ). Oropharyngeal SCC among men showed a similar pattern to that among women, with an overall significantly increasing incidence for the whole period 1953-2015 (AAPC: 2.5 (1.8; 3.3)), and a joinpoint defined in 1976, when the increase in incidence began (Table 1 , Figure 2c ).
The combined trend for HPV-related cancers other than cervical SCC (i.e. cervical adenocarcinoma, and SCC of the vulva, vagina, penis, oropharynx (both sexes) and anus (both sexes), none of which are effectively prevented by screening) was increasing during the 63-year period analysed, both for women (AAPC (95% CI) for SCC of the vulva, vagina, anus, oropharynx and cervical adenocarcinoma combined: 1.2 (0.7; 1.6), Table 1 , Figure  3a) , and for men (AAPC for SCC of the anus, oropharynx and penis combined: 1.9 (1.3; 2.5), Table 1 , Figure 3b ). In both cases, the trend did not change significantly during the first decades (1953-1968 for women, 1953-1972 for men), but an extensive period of consistently increasing incidence followed thereafter (1968-2015 for women, 1972-2015 for men).
The total number of incident cases of HPV-related cancer other than cervical SCC increased consistently and more than four-fold during the period analysed, reaching approximately 450 cases diagnosed in 2015. In contrast, the number of incident cases of cervical SCC was at a similar level in 1953 and in 2015, at approximately 250 cases per year (Figure 4 ). During the first decades analysed, incident cervical SCC vastly outnumbered the other HPV-related cancers combined, but this relationship is now reversed. The shift occurred around the turn of the century (Figure 4 ).
Current HPV vaccine potential
During the last five-year period (2011) (2012) (2013) (2014) (2015) , an average of 644 cases of SCC of the anus, oropharynx, cervix, vulva, vagina, penis, and cervical adenocarcinoma occurred annually in Norway. This amounts to 2.0% of all cancers occurring each year in Norway (1.0% and 3.1% of cancers occurring among men and women, respectively [31] ). A total of 521 (95% CI: 500; 540) of these cases can be attributed to any HPV (Table 2) .
A vaccine that protects against HPV16/18 has the potential to prevent 402 (382; 420) cancer cases per year in Norway, of which 219 (212; 226) occur in the cervix and the remaining 183 (178; 188) cases occur in non-cervical organs (Table 2) . A total of 163 (157; 169) cases of cervical SCC and 239 (233; 246) cases of cancer that are not cervical SCC, might be prevented each year by a vaccine against HPV16/18. Moreover, 100 (97; 104) annual cases of HPV-related cancer among males might be prevented by a HPV16/18 vaccine ( Table 2) . (Table 2) .
DISCUSSION
This is the first study estimating the number of cancer cases preventable by vaccines that protect against HPV16/18 or HPV16/18/31/33/45/52/58 in Norway. It is also among the first studies to present complete nationwide data on long-term incidence trends for cancers at all organs for which there is strong evidence of an association with high-risk HPV. We found that the incidence rates of HPV-related cancers that are not effectively prevented by screening in general have increased in the course of the last 63 years. The only exception to this pattern was for vaginal SCC, where no significant change in incidence was detected. The incidence of cervical SCC has been strongly reduced by screening since the 1970s, and has been stable since 2004. Based on the current incidence of HPV-related cancers in Norway, the total number of incident cases that annually might be prevented by HPV vaccination is substantial. The majority of cancer cases preventable by HPV vaccination are not effectively prevented by current screening.
The incidence trends observed in the present study are generally in line with reports from other countries. Consistently increasing incidence trends for anal cancer, oropharyngeal cancer and cervical adenocarcinoma have been observed in several populations [22 32 33] . In some countries, there is also emerging evidence for an increasing incidence of vulvar and penile cancer [25 34] . Temporal changes in clinical detection, diagnosis, reporting or coding practice could influence cancer trends, and such artifacts cannot be ruled out as explanations to the trends observed here and in other studies. It is noteworthy, however, that similar trends are observed across populations. Moreover, here we observe similar trends for cancers across several organs and tissue types, and we generally do not observe abrupt and short-term changes in trends for cancers that are not affected by screening, which would be typical if clinical/registry changes were highly influential.
The risk factor common to these cancers is oncogenic HPV. The generally increasing trend observed in the present study could be caused by increased transmission of HPV at the population level due to changes in sexual behavior. Population-based studies show that the age at first intercourse has dropped substantially in Norway during the past century. Compared to the cohort born 1927-1934, the median age at first intercourse was more than two years lower among women born during the 1960s and 1970s, while a corresponding one-year drop was observed among men [35] . Similar population-based findings of changes in sexual behavior have also been reported from other countries [36] [37] [38] . We have recently shown that the age at first intercourse is still decreasing among Norwegian women, and that sexual debut at age 14 or younger is becoming more common. Moreover, the number of sexual partners reported per woman in Norway [39] . Early sexual debut and more sexual partners are likely to increase transmission of HPV in the population, and are well-established behavioral risk factors for HPV-related cancer [40] [41] [42] . For several of the HPV-related cancers, and for the non-screened cancers combined, a joinpoint was detected during the late 60s/early 70s, followed by a long-term increase in incidence. Thus, since HPV-related cancers may take several decades to develop [43] , a gradual shift in the underlying risk for HPV-related cancers may have started during the 1950s.
Widespread use of the Pap-test among Norwegian women started in the early 70s, and the generally decreasing trend of cervical SCC from 1975-2004 was thus most probably caused by cervical cancer screening [20] . The stable incidence thereafter suggests exhaustion of the potential for further incidence reduction caused by this intervention in its current form. Of note, the national incidence trend for cervical SCC during 2004-2015 was in fact increasing slightly, and this positive trend just fell short of statistical significance. The stable incidence of vaginal SCC throughout the period analysed could be related to the rarity of this disease, which makes potential trends harder to detect due to the impact of random fluctuations. A potential incidence increase in vaginal SCC, vulvar SCC and cervical adenocarcinoma may also have been curbed to some extent by cervical screening, since all these cancers are preceded by treatable pre-invasive lesions that may be detected during gynecological examination. Moreover, the incidence of oropharyngeal cancer is likely to be higher if estimated among those who have tonsils, since tonsillectomy has been commonly performed for other indications, such as chronic infection, para-tonsillar abscess or sleep apnea.
The remarkable increase in the incidence of HPV-related cancers that are not effectively prevented by screening, and the apparent exhaustion of the cancer-reducing potential of current cervical screening, highlight the importance that HPV vaccination may have for improving public health in the future. If the incidences of HPV-related cancers continue to increase, the future cancer prevention by HPV vaccination will be higher than estimated in this study. In spite of effective screening against cervical SCC, this cancer still has the highest incidence rate among the HPV-related cancer-types in Norway, and the highest potential for reduction by HPV vaccination. Moreover, the total number of cervical cancer cases (SCC and adenocarcinoma) accounts for the majority of HPV-related cancer cases in Norway. Nevertheless, the combined number of HPV-related cancer cases occurring at non-cervical sites is also substantial, and HPV vaccination has the potential to prevent a large number of cancer cases in these organs, both among women and among men. Using a vaccine that protects against HPV16/18/31/33/45/52/58 may prevent a substantially higher number of cancer cases compared to a vaccine that protects against HPV16/18, most of which occur at the cervix.
Since approximately 50% of cervical precancer is associated with vaccine-type HPV, vaccination will also reduce the disease burden of precancer and the costs associated with cervical screening [44] . In 2015, close to 4000 women were treated for cervical precancer in Norway, and about 450,000 screening smears were analysed [45] . Moreover, HPV vaccines that protect against low-risk types 6 and 11 can prevent genital warts, which affect about 10% of the population [46] , as well as the rare, but serious condition of respiratory papillomatosis. We have assessed the potential for reducing HPV-related cancer through direct protection against the high-risk vaccine types included in the currently available HPV vaccines. However, the vaccines may also offer cross-protection against HPV types not included in the vaccines. A recent study on population-based HPV prevalence data found that the magnitude of cross-protection against HPV types 31, 33 and 45 was similar to protection against vaccine-type HPV 16 and 18 among women age 20-21 vaccinated at age 12-13 [47] . Thus, cross-protective effects may add to the protective potential estimated in the present study.
Strengths and limitations
The major strength of the present study is the accuracy and the scale of the cancer data presented [26] . Reporting of cancer is mandatory by law in Norway, and cancer registration is thus considered virtually complete [48] . The underlying population data is also accurate and complete, which ensures that the incidence estimates are valid for the whole Norwegian population. Moreover, increased precision in addressing HPV-related cancers was achieved by excluding cancer cases with histological types that are not related to HPV. Another strength is the extensive study period for the assessment of temporal trends. However, this study also has several limitations. First, this is an observational study, and the registry data does not reveal what has caused the temporal changes in incidence documented here. Second, none of the HPV vaccines have yet proved effective against cancer. Because HPV-related cancer normally takes a decade or more to develop, the best evidence for vaccine effectiveness is still limited to pre-invasive lesions and genital warts. Moreover, such evidence is strong for cervical lesions, but as yet less data has accrued for non-cervical organs, and the currently available HPV vaccines are not yet approved for the prevention of cancer at all organs addressed in the present paper. However, knowledge about the natural history of HPV-related cancer progression makes subsequent vaccine-induced reductions in cancer likely, for any organ in which cancer is associated with vaccine-type HPV. Third, there is uncertainty regarding the type-specific HPV-attributable fraction for cancers in all organs, which reduces the accuracy of the estimates of the cancer cases preventable by HPV vaccination. This particularly applies to the non-cervical cancers, which are relatively rare and less studied, and which also may have a multifactorial etiology and important risk factors additional to HPV [41 49 50] .
Conclusions
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